Using B3LYP method, the nearly spheric structure of [Ti7O28H26] 2-, the rod-like structures of The reverse relation holds for the degree of their toxicity as indicated by the extent of the electron density transfer to a Cu 2+ probe. The experimentally observed higher cytotoxicity of rod-like nanoparticles in comparison with the spheric ones might be explained by the higher electron density transfer to the interacting cells.
Introduction
Biochemical and molecular mechanisms of cytotoxicity include oxidative stress-induced cellular events and alteration of the pathways pertaining to intracellular calcium homeostasis [1] .
All the stresses lead to cell injuries and death. The physiochemical properties of nanoparticles influence how they interact with cells and, thus, their overall potential toxicity.
Understanding these properties can lead to the development of safer nanoparticles.
Recent studies have begun identifying various properties that make some nanoparticles more toxic than others [1] . The properties of nanoparticles that contribute to cytotoxicity include, but are not limited to, surface, particle size, particle morphology, and dissolution of ions. As oxidative stress is elevated and intracellular calcium homeostasis is perturbed due to exposure to nanoparticles, subsequent actions lead to cell injury and death, and deregulation of the cell cycle.
i) Particle size is likely to contribute to cytotoxicity [1, 2] . Given the same mass, smaller nanoparticles have a larger specific surface area and thus more available surface area to interact with cellular components such as nucleic acids, proteins, fatty acids, and carbohydrates. The smaller size also likely makes it possible to enter the cell, causing cellular damage.
ii) Particle surface charge may affect the cellular uptake of particles as well as how the particles interact with organelles and biomolecules. Consequently, particle surface charge influences cytotoxicity.
iii) Shape also affects levels of toxicity. Rod-shaped Fe2O3 nanoparticles were found to produce much higher cytotoxic responses than sphere-shaped Fe2O3 nanoparticles in a murine macrophage cell line (RAW 264.7) [3] . Rod-shaped CeO2 nanoparticles were found to produce more toxic effects in RAW 264.7 cells than octahedron or cubic particles [4] . Nanorod ZnO particles are more toxic toward human lung epithelial cells (A549) than the corresponding spherical ones [5] . Why the physical shape of a nanoparticle influences cytotoxicity remains to be elucidated.
Theoretical model studies based on quantum-chemical calculations are capable to shed more light on these problems. The relation between activity of some antioxidants and their copper coordination ability based on B3LYP calculations their metal ion affinity (MIA) values has been investigated [6] [7] [8] . The stability order of the antioxidant ligands with metals bonded at various coordination sites strongly depends on their position and nature. The spin density of the Cu 2+ cation upon ligand coordination becomes vanishingly small, whereas the ligand spin density approaches 1. Thus, the ligand is oxidized to a radical cation (Ligand •+ ), while Cu(II) is reduced to Cu(I). In agreement with experimental investigations, the higher antioxidant activity of individual compounds and their reaction sites may be assigned to higher MIA values and higher reducing character toward Cu(II). Another modification of the above-mentioned method has been used for both N centers of a series of para-phenylene diamine (PPD) antioxidants [9] . Nearly linear dependence of the experimental antioxidant effectiveness on Cu(II)-PPD interaction energies, Cu atomic charges and other electron density parameters has been deduced. This method might be used to estimate the level of oxidation stress caused by nanoparticles and thus of their cytotoxicity.
Nano-sized TiO2 particles can be found in a large number of foods, cosmetic goods and consumer products. Their nanotoxicity has been drawn an increasing attention because human bodies are potentially exposed to this nanomaterial either by inhalation, oral or dermal route.
Numerous studies have tried to characterize their in vivo biodistribution, clearance and toxicological effects (see e.g. [10] [11] [12] [13] [14] [15] [16] ).
Rutile is the most stable polymorph of TiO2 at all temperatures exhibiting lower total free energy than the metastable phases of anatase or brookite [17] . Rutile has a tetragonal unit cell (space group P42/mnm) [18] . The titanium cations are surrounded by an octahedron of 6 oxygen atoms while the oxygen anions have a coordination number of 3. Rutile crystals are most commonly observed to exhibit a prismatic or acicular growth habit with preferential orientation along their c-axis, the [001] direction. This growth habit is favored as the {110} facets of rutile exhibit the lowest surface free energy and are therefore thermodynamically most stable [19] .
The rutile (110)-aqueous solution interface structure was measured [20] 
Method
Geometries of the model systems under study in their lowest ground spin states (denoted by spin multiplicity as the left superscript) were optimized using B3LYP functional [22] with standard 6-311G* basis sets for all atoms [23 -25] . Stability of the optimized structures was confirmed by vibrational analysis (no imaginary vibrations). Atomic charges were evaluated in terms of Mulliken population analysis (MPA) [26] , atomic polar tensor (APT) derived charges [27] and Natural Population Analysis (NPA) [28] . All the calculations were performed using Gaussian09 program package [29] .
The metal-ligand interaction energy intE is defined as
where EComplex and EL are the energies of the [L...Cu] q+2 complex and of the isolated rutile nanoparticle L q model cluster in their optimized geometries, respectively, and Eion is the energy of the isolated Cu 2+ ion [6 -9] . Metal-ligand interaction enthalpy intH298 and Gibbs free energy intG298 data at 298 K were evaluated analogously.
Results and discussion
In the first step it was necessary to build suitable model systems based on experimental rutile structure [18] with fully protonated surface oxygen atoms of nearly spheric and rod-like shapes which are small enough to be treated by DFT methods. This task is complicated by additional requirements on equal charges and (nearly) the same number of atoms in order to eliminate charge and size effects.
The nearly spheric structure of removal proceeds due to Cu -BO bond formation. As expected, in all optimized structures the Cu -BO bonds are longer than the Cu-TO ones whereas the shortest Cu-O bonds belong to free hydroxyls (A1a and B1c models).
Positive Cu charges in all model systems (Tables 1 and 2 ) are always significantly lower than +2 (i.e. the free Cu 2+ ion charge in all types of population analysis). The highest average Cu charge (i.e. the lowest electron density transfer from the ligand) is observed for nearly spheric A models whereas these ones for B and C models are nearly equal (i. e. within their standard deviations). The highest Cu charges are in model systems with the highest number of Cu-O bonds (A2a, B1c and C2b models). MPA charges are lower than the APT ones whereas the NBO ones are highest. Nevertheless, all these population analysis types preserve the same trends in Cu charges. In agreement with [6 -8] only vanishing spin density remains at Cu atoms in optimized structures (not presented).
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